Human osteosarcoma is an aggressive tumor which frequently resists chemotherapy; therefore, the search for new agents for its treatment is of great importance. Isoalantolactone, isolated from Inula spp., has been reported to inhibit the growth of several types of cancer cells. However, no prior research has been conducted to demonstrate the antiproliferative potential of isoalantolactone on osteosarcoma. The present study is the first to investigate the effects of isoalantolactone on cell viability in human osteosarcoma U2OS, MG-63 and Saos-2 cells, and its mechanism of action in U2OS cells. Our results demonstrated that isoalantolactone triggered S and mainly G2/M cell cycle phase arrest, accompanied by the downregulation of the expression of cyclin B1 at the protein and mRNA levels. Moreover, isoalantolactone induced apoptosis that was associated with reactive oxygen species (ROS) generation and the dissipation of mitochondrial membrane potential (MMP). Furthermore, our results indicated that this compound upregulated DR5, FADD and cleaved caspase-8, increased the interation between DR5 and FADD, and inhibited the expression of nuclear NF-κBp65. We also found that isoalantolactone-induced apoptosis was associated with the downregulation of Bcl-2 and upregulation of Bax, which finally led to the activation of caspase-3 and its downstream substrate, PARP, in osteosarcoma U2OS cells. Isoalantolactone-induced apoptosis was markedly abrogated when the cells were pretreated with N-acetylcysteine (NAC), a specific ROS inhibitor, suggesting that the apoptosis-inducing effect of isoalantolactone in osteosarcoma cells was mediated by reactive oxygen species. Taken together, our data demonstrated that isoalantolactone induces ROS-dependent apoptosis in U2OS cells via a novel mechanism involving inhibition of NF-κBp65 and provide the rationale for further in vivo and preclinical investigation of isoalantolactone against osteosarcoma.
Introduction
Osteosarcoma is the most common form of primary malignant bone cancer in children and adolescents (1) , and the 5-year survival rate of osteosarcoma patients is 61.6% (2) . Although in the last few decades, multi-agent chemotherapy in combination with surgery has resulted in an improvement in the patient survival rate, which has increased to 70%, osteosarcoma is still characterized by frequent relapse and metastatic disease (3, 4) . Exploring novel therapeutic agents and their molecular mechanisms are, therefore, necessary for improving the outcome of osteosarcoma treatment.
In the present study, we screened 400 natural compounds against human osteosarcoma U2OS, MG-63 and Saos-2 cells. Several compounds were found cytotoxic, among which, isoalantolactone showed strong antiproliferative effects against osteosarcoma cells. Isoalantolactone has been reported to have a variety of biological effects, including antifungal, antihelmintic, and anticancer activities (5) . A previous study by Khan et al showed that isoalantolactone did not exert any acute or chronic cytotoxicity in mouse liver and kidney (6) . Although there are a few reports on the anticancer activities of isoalantolactone (6) (7) (8) (9) (10) , there is no report available on the anti-osteosarcoma effect of isoalantolactone.
Apoptosis plays an important role in multiple steps leading to cell death. Two major pathways are involved in apoptosis: the extrinsic (death receptor) and the intrinsic (mitochondrial) pathways (11) . The extrinsic pathways are involved in death receptor-induced intracellular signaling and the cleavage and activation of caspase-8 (12, 13 proteins, mitochondrial membrane potential dissipation and cytochrome c release (14) , which subsequently leads to the activation of caspase-3, resulting in apoptosis. To date, no report has addressed the role of isoalantolactone in the extrinsic pathways. The present study was undertaken to investigate the mechanisms of isoalantolactone-induced apoptosis in osteosarcoma. Here, our results demonstrated that isoalantolactone inhibits cell proliferation, triggers S phase and mainly G2/M phase arrest and induces ROS-dependent apoptosis in U2OS cells via a novel mechanism involving inhibition of NF-κBp65. Cell culture and treatments. Human osteosacoma U2OS, MG-63 and Saos-2 cells were maintained in DMEM supplemented with 10% FBS, 100 units/ml penicillin and 100 µg/ml streptomycin at 37˚C in a humidified atmosphere with 5% CO 2 . The cells were treated with various concentrations of drug dissolved in dimethyl sulfoxide (DMSO) with a final concentration <1%. DMSO-treated cells were used as the control.
Materials and methods

Chemicals
Cell proliferation assay. The effects of isoalantolactone on cell viability were evaluated by MTT assay as previously described (15 Immunoblotting and immunoprecipitation. Following drug treatment, adherent and floating cells were collected and centrifuged. Nuclear and cytosolic proteins were extracted using a cytosolic and nuclear extraction kit (KeyGen) according to the manufacturer's instructions. Total proteins were isolated as previously described (15) . Briefly, U2OS cells were harvested, and the cell pellets were re-suspended in lysis buffer and lysed on ice for 30 min. After centrifugation for 15 min, the supernatants were collected, and the protein concentration was measured by NanoDrop 1,000 spectrophotometer (Thermo Scientific, USA). A total of 40 µg protein was electrophoresed on 10-15% SDS-PAGE and transferred to PvDF (Amersham Biosciences, Piscataway, Nj, USA) membranes. After being blocked with 5% non-fat milk for 2 h and washed with TBST, the membranes were incubated overnight at 4˚C with DR5 (1:1,000), FADD (1:1,000), TRADD (1:1,000), RIP (1:1,000), NF-κBp65 (1:500), cyclin B1 (1:1,000), caspase-8 (1:500), caspase-3 (1:500), cleaved-PARP (1:1,000), Bcl-2 (1:1,000), Bax (1:1,000) and β-actin (1:500) antibodies, respectively. After washing, the blots were incubated with relevant secondary antibodies (1:5,000) for 1 h at room temperature. Signals were detected using the ECL-Plus chemiluminescence kit (Millipore Corporation) on X-ray film. All of the bands were quantified by densitometry using Imagej software. For the immunoprecipitation (IP), the cells were incubated with different concentrations of isoalantolactone (0, 20 and 40 µM), and the lysates were incubated with anti-DR5 and protein G beads (YueKe Institute of Biotechnology, Shanghai, China) at 4˚C overnight.
Immunoblotting was carried out to analyze the association between DR5 and FADD. The beads were washed three times with IP buffer [50 mM Tris-HCl (pH 7.4), 150 mM NaCl and 1% NP40], boiled in 2X SDS loading buffer for 10 min, and then analyzed by immunoblotting.
Real-time PCR. The reverse transcription (RT) reaction was performed using the PrimeScript™ RT Master Mix (Takara) in a final volume of 10 µl containing 0.5 µg total RNA, 2 µl 5X PrimeScript buffer, 0.5 µl Oligo(dT) primer, 0.5 µl PrimeScript RT enzyme and RNase-free water. The RT reaction was performed at 37˚C for 15 min and then terminated by heating at 85˚C for 5 sec. Real-time quantitative PCR using SYBR ® -Green (Roche) was performed with LightCycler 480 Real-Time PCR System. Thermal protocol was as follows: 95˚C for 5 min plus 40 cycles at 95˚C for 30 sec, 55˚C for 30 sec and 72˚C for 45 sec, with final elongation of 10 min at 72˚C. The cyclin B1 primers were forward, 5'-GGC CAA AAT GCC TAT GAA GA-3' and reverse, 5'-AGA TGT TTC CAT TGG GCT TG-3'. The GAPDH primers were forward, 5'-CGG AGT CA A CGG ATT TGG TCG TAT-3' and reverse, 5'-AGC CTT CTC CAT GGT GGT GAA GAC-3'. Human GAPDH was measured as the internal control. Data analyses were performed according to the 2 -ΔΔCt method.
Statistical analysis of the data. The results are expressed as means ± standard error of the mean (SEM) and were statistically compared with the control group or within groups using one-way ANOvA followed by Tukey's multiple comparison test. The level of statistical significance was regarded as P<0.05. All of the experiments were repeated at least three times.
Results
Isoalantolactone inhibits proliferation of U2OS cells.
In the present study, we screened natural compounds and their derivatives against human osteosarcoma U2OS, MG-63 and Saos-2 cells to identify putative therapeutic compounds. Isoalantolactone (chemical structure shown in Fig. 1A ) exhibited a significant antiproliferative effect on osteosarcoma cell lines in a dose-dependent manner. The IC 50 values of isoalantolactone against U2OS, MG-63 and Saos-2 cells were 40, 50 and 40 µM, respectively (Fig. 1B) . The cytotoxic effect of isoalantolactone was also assessed by observing morphological changes in the cells under phase-contrast microscopy. As shown in Fig. 1C , the control cells adhered to the well and displayed normal cell morphology. After isoalantolactone treatment, the cells displayed significant morphological changes, and acquired a round and shrunken shape, an increase in floating cells and a reduction in the total number of cells in a time-dependent manner. The data are consistent with the results of the cell proliferation inhibition studies, confirming that isoalantolactone inhibited the proliferation of osteosarcoma cells.
Isoalantolactone induces S and mainly G2/M phase cell cycle arrest in U2OS cells.
Cell cycle regulation and apoptosis are two major regulatory mechanisms for cell growth. When specific checkpoints during the cell cycle are arrested, apoptotic cell death occurs (16) (17) (18) (19) (20) . To gain further insight into the mechanisms underlying the cytotoxic effects of isoalantolactone on U2OS cells, we next investigated the effect of this compound on the cell cycle phase profile. As shown in Fig that isoalantolactone decreased the cyclin B1 expression at the mRNA and protein levels in a dose-and time-dependent manner ( Fig. 2C-E) .
Isoalantolactone induces apoptosis in U2OS cells.
To confirm the nature of isoalantolactone-induced cell death, the treated cells were stained with Annexin v-FITC and PI, and the percentages of apoptotic and necrotic cells were determined by flow cytometry. Our results demonstrated that isoalantolactone triggered apoptosis in a dose-dependent manner (Fig. 3) . However, isoalantolactone-induced apoptosis was markedly abrogated when the cells were pretreated with N-acetylcysteine (NAC), a specific ROS inhibitor or Z-VAD-FMK, a caspase inhibitor, suggesting that the apoptosis-inducing effect of isoalantolactone in osteosarcoma cells was mediated by reactive oxygen species and the caspases.
DR5/FADD/caspase-8 pathway is associated with the isoalantolactone-induced apoptosis in U2OS cells. Death receptor 5
(DR5) signals apoptosis through Fas-associating protein with death domain (FADD) and caspase-8 (21) . To further explore the mechanism underlying isoalantolactone-induced apoptosis, we examined the effect of isoalantolactone on the death receptor pathways by measuring levels of DR5 and FADD and caspase-8 using western blotting. The data revealed that isoalantolactone increased the expression of DR5, FADD and induced the cleavage of caspase-8 in a dose-and time-dependent manner (Fig. 4A-C) . The results suggest that the DR5/ FADD/caspase-8 extrinsic pathways are associated with isoalantolactone-induced apoptosis in osteosarcoma U2OS cells. We next evaluated the physical interaction between DR5 and FADD in U2OS cells using Co-IP assay. The results showed that in the control group DR5 and FADD had almost no combination, while after treatment with isoalantolactone the combination between DR5 and FADD was significantly increased (Fig. 4D) .
Many sesquiterpene lactone compounds have been reported to induce apoptosis through inhibition of NF-κB activation in various cancer cell lines (22, 23) , and previous research suggests that DR5 can use a TRADD-dependent pathway to activate NF-κB, which is independent of their ability to induce apoptosis (24) . Here, we aimed to ascertain whether the apoptotic effect of isoalantolactone in U2OS cells is associated with NF-κB. For this, levels of TNF-receptor-associated death domain protein (TRADD), receptor-interacting protein (RIP), and nuclear protein NF-κBp65 were assessed in the U2OS cells. Western blot analysis revealed that treatment with isoalantolactone decreased the levels of TRADD and RIP (Fig. 4A-C) and decreased the levels of nuclear NF-κBp65 in a dose-dependent manner (Fig. 6) . Further studies are required to examine the association of these proteins after treatment of isoalantolactone.
Effect of isoalantolactone on ROS generation and mitochondrial membrane potential.
Recent evidence suggests that ROS serve as messengers for normal signal transductions at lower concentrations; at higher concentrations, however, they become toxic and induce cell death through various signaling pathways (25) . As cancer cells contain a higher level of ROS than normal cells, they can be easily poisoned by the phytochemical targeting of ROS metabolism (25, 26) . Many studies have reported that isoalantolactone-induced apoptosis is linked with ROS generation (5, 6) . Here, we hypothesized that the effect of isoalantolactone on U2OS cells is associated with ROS. Therefore, we analyzed the level of ROS by flow cytometry. The levels of ROS in the cells treated with 0, 20 and 40 µM isoalantolactone for 24 h were 64.69, 82.54 and 94.58%. Our results demonstrated that isoalantolactone treatment significantly increased ROS generation in the U2OS cells in a dose-dependent manner (Fig. 5A and B) .
Next, we determined the effect of isoalantolactone on mitochondrial membrane potential in U2OS cells. As shown in Fig. 5C and D, the levels of MMP in the cells treated with 0, 20 and 40 µM isoalantolactone for 24 h were 99.97, 88.77 and 73.81%; Rho123 was significantly dissipated in U2OS cells in a dose-dependent manner (Fig. 5C and D) . These findings clearly indicate that isoalantolactone-induced apoptosis is associated with ROS generation and MMP disruption.
Isoalantolactone modulates Bcl-2 family proteins.
To further characterize this cell-specific apoptotic effect of isoalantolactone in osteosarcoma U2OS cells, we analyzed the levels of Bcl-2 family proteins after treatment with isoalantolactone (0, 20 and 40 µM) in a dose-dependent manner. We observed that expression of anti-apoptotic Bcl-2 was downregulated, whereas the expression level of pro-apoptotic Bax was markedly upregulated (Fig. 6) . To examine whether regulation of caspase-3 is necessary for isoalantolactone-induced apoptosis, we investigated the expression level of caspase-3 after treatment with 0, 20 and 40 µM isoalantolactone for 24 h. As shown in Fig. 4A , isoalantolactone treatment was found to result in a significant increase in cleaved caspase-3, and its downstream target, PARP (Fig. 6 ) in a dose-dependent manner which is indicative of the induction of apoptosis.
Discussion
Osteosarcoma is one of the most common primary malignant tumors. Although neoadjuvant chemotherapy has improved the overall survival of patients over the last several years, the metastatic and toxic effects of chemotherapy still remain a major drawback in the treatment of osteosarcoma patients. The goal of the present study was to identify novel anti-osteosarcoma agents from natural herbal compounds. Isoalantolactone did not exert any acute or chronic cytotoxicity in liver and kidney, and sesquiterpene lactones have drawn considerable attention in pharmacological research due to their anti-neoplastic, antiparasitic, anti-inflammatory and antitumor activities (27) (28) (29) . However, its effects on osteosarcoma remained unexplored. In the present study, we found that isoalantolactone strongly inhibited the proliferation of osteosarcoma cells in a dose-dependent manner. Therefore, we selected isoalantolactone compound to study the molecular mechanisms of its antiproliferative effect against osteosarcoma U2OS cells.
Isoalantolactone has been reported to induce cell death in several human cancer cell lines, such as PANC-1 cells (6), human prostate cancer cells (8) , and human gastric adenocarcinoma SGC-7901 cells (9) via cell cycle arrest and induction of apoptosis. In line with previous reports, we found that isoalantolactone arrested the cell cycle at the S and mainly the G2/M phase in U2OS cells. Cyclin B1, the key protein in the regulation of G2/M transition, forms a complex with cdc2 which is crucial in the transition from the G2 to the M phase (30) . Our results demonstrated that isoalantolactone downregulated the expression of cyclin B1 at the mRNA and protein levels in a dose-and time-dependent manner. These data are in agreement with those of a previous study (31) , suggesting that decreased expression of cyclin B1 may be a molecular mechanism through which isoalantolactone induces S and mainly G2/M phase arrest.
DR5 is a member of the tumor necrosis factor receptor family, which plays an important role in the mediation of extrinsic pathways. These receptors possess a cytoplasmic region called the death domain (DD) (32, 33) . Overexpression of death domain-containing receptors can induce apoptosis in a ligand-independent manner (34, 35) . Transient transfection of a full-length DR5 construct was found to induce rapid apoptosis (24) . Bodmer et al (21) reported that DR5 can recruit FADD through its death effector domain, and FADD binds to caspase-8. Caspase-8 is the most proximal caspase in the cascade of caspases, the activation of which eventually leads to cell death (36) . Overall, these studies suggest that activation of the DR5/FADD/caspase-8 extrinsic pathways may have therapeutic value for cancer patients. In the present study, we found that isoalantolactone treatment increased the expression of DR5 and FADD, and induced the binding of FADD to DR5. It also decreased the expression of procaspase-8 and increased the cleavage of caspase-8 in U2OS cells. The data clearly demonstrated that isoalantolactoneinduced apoptosis is associated with the activation of DR5/ FADD/caspase-8 extrinsic pathways. To the best of our knowledge, this is the first report indicating that isoalantolactone-induced apoptosis is associated with DR5/FADD/ caspase-8 extrinsic pathways.
Death domains are also found in TRADD and RIP, two cytoplasmic adaptor proteins implicated in the mediation of apoptosis by the death domain-containing receptors (37, 38) . Overexpression studies have demonstrated that TRADD is required for recruitment of several important molecules, including RIP, which are indispensable for the activation of NF-κB and cell survival (38, 39) . NF-κB is a transcription factor, which can promote cell survival and proliferation. The constitutive activation of NF-κB is associated with numerous types of cancers (40) (41) (42) . In the present study, we examined the expression of nuclear protein NF-κBp65 and its regulatory proteins TRADD and RIP. Our data indicated that isoalantolactone inhibits NF-κB activation, and whether this is associated with TRADD and RIP, more research needs to be performed to find the link between these proteins after treatment of isoalantolactone. Mitochondria play a critical role in anticancer druginduced apoptosis (43) . The Bcl-2 family proteins, which play a pivotal role in the intrinsic apoptosis pathways, include both anti-apoptotic and pro-apoptotic proteins such as Bcl-2 and Bax, respectively. The balance between these two classes of proteins is critical for determining whether a cell undergoes apoptosis or not (44) (45) (46) . ROS generation can inhibit the antiapoptotic protein Bcl-2 and activate the pro-apoptotic protein Bax to the outer mitochondrial membrane (47, 48) . In the present study, we found that isoalantolactone increased ROS generation, and the ROS inhibitor, NAC, markedly reduced isoalantolactone-induced apoptosis in the U2OS cells. Our results revealed that isoalantolactone-induced apoptosis in U2OS cells was ROS-dependent. Moreover, flow cytometric analysis of MMP showed that isoalantolactone led to dissipation of mitochondrial membrane potential, and western blot analysis of apoptosis-related proteins in U2OS cells revealed that isoalantolactone downregulated the expression of Bcl-2 and upregulated the expression of Bax, activated caspase-3 and its downstream substrate PARP. Therefore, we conclude that isoalantolactone promotes opening of the mitochondrial PTP by increasing the Bax/Bcl-2 ratio and the isoalantolactone-induced apoptosis is associated with intrinsic pathways.
In conclusion, our data provide evidence that isoalantolactone inhibits the growth of human osteosarcoma cells by inducing apoptosis. The present study is the first to describe the role of ROS in the induction of apoptosis in osteosarcoma cells. In addition, in the present study, we also found that isoalantolactone upregulated DR5, FADD and cleaved caspase-8, increased the interaction between DR5 and FADD, and inhibited the expression of nuclear NF-κBp65, which, to our knowledge, is the first observation that isoalantolactone upregulates expression of these proteins and inhibits NF-κBp65 in osteosarcoma U2OS cells. The pathway that we have described herein is novel and has not been previously elucidated. Furthermore, isoalantolactone induced apoptosis in U2OS cells by modulating mitochondrial Bcl-2 family proteins and caspase-3. These findings support a prominent insight into how isoalantolactone exerts its cytotoxic effect against osteosarcoma cells. Thus, isoalantolactone may become a potential lead compound for future development of anti-osteosarcoma therapy. Further investigation is needed to validate the contribution of isoalantolactone to tumor therapy in vivo.
